In this paper, we present the integration of an absorbing photonic crystal within a thin film photovoltaic solar cell. Optical simulations performed on a complete solar cell revealed that patterning the epitaxial crystalline silicon active layer as a 1D and 2D photonic crystal enabled to increase its integrated absorption by 37% abs and 68% abs between 300 nm and 1100 nm, compared to a similar but unpatterned stack. In order to fabricate such promising cells, a specific fabrication processes based on holographic lithography, inductively coupled plasma etching and reactive ion etching has been developed and implemented to obtain ultrathin patterned solar cells.
Introduction
In order to overcome the limitations of classical thin film silicon solar cells, integrating planar Photonic Crystals (PCs) structures [1] [2] [3] has appeared as an attractive solution. The PCs have been considered to create either back reflectors [4] or selective filters for tandem solar cells [5] . Meanwhile, thin film crystalline-silicon (c-Si) solar cells are one of the promising candidates for low cost photovoltaic applications thanks to commercially compatible mass production processes [6] . Considering both fabrication costs and bulk recombination issues, the thickness of c-Si layer should be limited as much as possible. Increasing its absorption through PCs light trapping techniques is then essential to achieve reasonable conversion efficiencies on such devices. More precisely, to enable efficient current generation, light trapping schemes are essential to capture the red and near-infrared part of the solar spectrum [7, 8] . We recently proposed to pattern the absorbing layer itself as a planar PC. This approach constitutes an efficient light trapping technique and can lead to a substantial increase of the solar light absorption over a wide spectral range [3, 9, 10, 11] . Out of this concept, and considering c-Si based structures, we proposed to control light capture and absorption using planar PCs Bloch modes that stand over the light-line. Such nanopatterns allow thin c-Si absorbing layers (with thicknesses of around 1000 nm), i.e. much lower than the diffusion length of the minority carriers. The absorption increase related to light trapping is then expected to lead to short-circuit current densities exceeding those similar unpatterned cells. In order to generate such PC patterns in a compliance with industrial requirements, relevant techniques then include nano-imprint [12] and holographic lithography; they are essential to develop a high throughput process compatible with large surfaces. Additionally, holographic lithography is a maskless process, particularly wellsuited to the fabrication of periodic patterns like PCs [13, 14, 15, 16] . Its parameters have been carefully adjusted and controlled from our previous investigation based on the desired stack and pattern [17] .
In this paper, we report on a way of patterning the epitaxial free c-Si [6] as a 1D and 2D PC. The global design of the ultra-thin film solar cell, which has been optimized optically by simulation, is introduced in section 2. Its optical properties as well as the parameters of the PC membrane which maximize the absorption in the active layer are also discussed in this section, which defines the objectives to attain for further experimental development. This last point is developed in section 3. After presenting the general fabrication process of our patterned cells, we finally generate the targeted pattern by combining holographic lithography with an ICP and RIE steps.
Optical design of 1D and 2D PC c-Si thin film solar cells
The basic solar cell structure consists, from the back to the front, of a glass substrate, a silver (Ag) layer acts as a reflector and metallic conductor, a p-doped c-Si layer, an real absorbing c-Si layer, a n-doped a-Si:H and a top transparent conductive oxide (TCO) layer deposited at the end of the pattering process to be an anti-reflector layer. As described in Fig.1 , the top layers are patterned as planar PCs. The finite-difference time-domain (FDTD) approach numerically solves the differential form of Maxwell's equations, so that complex device design can be molded and optimized device designs can be determined [18] . To investigate the wave propagation in the patterned c-Si membrane and the thin film c-Si solar cells, the AM1.5G solar spectrum intensity distribution was taken into account over the 300-1100 nm spectral range; these bounds roughly and respectively corresponds to the lower limit of the solar spectrum and the c-Si gap. The boundary conditions for x and y directions are periodic and Perfectly Matched Layers (PML) for 1D PCs. For the 2D PC simulation, the x, y directions are set as Periodic, and z is PML. The first test is based on a single 1 µm c-Si layer, which is patterned by 1D PC and 2D PC with the same period, air filling faction (ff) and etching depth, in order to compare the absorption spectra with the planar c-Si layer, as shown on Fig.1 . It indicates that the absorption spectra in the patterned 2D and 1D PC layers is respectively 57% and 50% under normal incident, which is higher than 31% from the planar c-Si layer. The main is achieved over 0.61µm, which corresponds to the lattice parameter of the PCs. Moreover, under normal incidence, the absorption efficiency of 2D PC layer does not depend on the polarization of the incident light. In the planar c-Si layer, from about 450 nm to 1100 nm, the clearly visible absorption resonances correspond to Fabry-Perot modes thanks to the large index contrast between air and c-Si layer. If these resonances can lead to a complete absorption of the incident light, the spectral density of modes is limited by the low thickness of the layer, leading to low integrated absorption on the whole spectral range. Moreover, the large index contrast leading to a high reflection is also responsible for the low absorption (~50%). Then, the envisaged roles of the PC are twofold: to reduce the reflection at short wavelengths, and to increase the spectral density of modes at large wavelengths. The absorption spectra of the whole stack and c-Si layer, which are displayed on Fig.3 , indicate the patterned stacks have higher absorption than the reference stack both in the stack and in the sole c-Si layer. Moreover, a maximal value for the integrated absorption of the whole 1D patterned cell is about 71 % over for L = 0.61 µm, D/L = 65 % and etching depth = 0.14 µm. Looking for the useful part of this integrated absorption, namely the one in the sole active layer, we found that optimized parameters of 1D patterned stack could be determined yielding to 46%, a theoretical improvement of 37% of the absolute absorption efficiency in the sole c-Si, compared to 33.7% of unpatterned configuration in normal incidence. The important increase of absorption efficiency in the c-Si layer is expected to give rise to a subsequent gain of the conversion efficiency of such a 1 µm thick c-Si solar cell. As evidenced in our former work for a different configuration on a-Si:H [11] , the absorption efficiency of thin film solar cells integrating 2D PC should lead to higher gains than their 1D counterpart. As an example, by choosing the same lattice parameter, surface filling fraction and etching depth as in the case of the 1D PC, the absorption in the sole c-Si obtained within the 2D PC patterned stack is 56.5%, which is higher than the one from the 1D PC stack and the unpatterned stack to 23% and 68%, as well as independent of the polarization. Fig.3 . Absorption spectra in a) the whole stack and b) the c-Si layer for the 1D and 2D PC patterned stacks (L, D/L and etching depth set to 610 nm, 35% and 140 nm respectively) compared to the unpatterned stack When the wavelength is lower than the period, the absorption spectral mainly depends on the Fabry-Perot resonance thanks to the high index of membrane, therefore, which can be seen both the unpatterned and patterned cells. Over 610nm, multiple absorption peaks, which exist both for 1D and 2D PCs, are related to the PCs Bloch modes.
Implementation the PC patterns in the fabrication cells
In this section, we discuss on the steps leading to the patterning of our cells, using holographic lithography and RIE as well as ICP techniques. A more detailed description of those techniques will be developed in the following part. In particular, we will introduce the main techniques involved in this process. These can be tuned in order to reach the targeted parameters of the 1D and 2D PC (its period L, ff and its etching depth) and to transfer the obtained pattern in the different layers, while keeping the roughness of the etched sidewalls as low as possible. Holographic lithography consists in irradiating a photosensitive resist using an interference pattern [17] . The sample, covered with a UV sensitive resist, is placed on a sample holder, associated to a mirror placed at 90° of the sample. This system is illuminated by a laser beam; this generates fringes which irradiate the resist, with an inter-fringe distance L directly related to the angle θ through the relation L= λ laser /(2sinθ). In order to generate a 2D pattern with a square symmetry at the surface of the sample, the irradiation needs to be repeated after rotating the sample by 90°. The resist is then exposed as schematically shown in Fig.4 .a. We implemented this generic process using a laser source at 266 nm with a power around 8 mW and a NEB 22 negative tone Chemically Amplified Resist (CAR). While the selected wavelength enables the patterning of structures with lattice parameters around 600 nm, using negative resist is well-suited to the generation of holes in the resist, as in the case of our design. With this system, the processing sequence associated to holographic lithography includes sample cleaning and preparation, hexamethyldisilizane (HMDS) adhesion promoter spinning; the resist and HMDS are spun at 3000 rpm for 30s. The post-apply bake (PAB) is performed at a temperature of 110°C, followed by UV exposure, for 120s, and post-exposure bake (PEB), at 92°C for 180s. The development is performed in MF702 solution (supplied by Shipley Co.) for 20s; see Fig.4 b) . The next step is a descum step in oxygen plasma for 8s [19] . The PC pattern defined by holographic lithography is first transferred into a 100 nm thick SiO 2 hard mask (as shown in Fig.4 c) ), and then into the underlying ITO and a-Si layers, using RIE processes. Transfer into the SiO 2 hard mask is achieved using a CHF 3 plasma. The ITO layer was then etched by CH 4 : H 2 plasma, and the a-Si:H layer was etched with a SF 6 :Ar by RIE (as Fig.4 d) ). In order to obtain vertical etched sidewalls, ICP is used to transfer the pattern in the c-Si layer using ICP with a high etch rates by high ion density and high radical density, which is displayed on Fig.4 e) ; finally, the resist and mask are removed by RIE (shown in Fig.4f) ). In our first test, another process is considered based on the following stack: glass/Al(1µm)/c-Si(1µm)/ SiO 2 (0.1µm). This stack, which is derived from the design presented above, is based on the established epi-free technology. It should be noted that the actual thicknesses of these layers may be slightly different due to technological uncertainties. A 100 nm thick silica layer was added on the top of the stack and acts as a hard mask during the etching of the c-Si layer. Starting from such samples, it is possible to first pattern the hard mask as a 1D or 2D PC (with a square symmetry) via holographic lithography, and then to transfer this pattern into the mask layer with RIE with a 16sccm flow, at 15mT, and with a power of 100W for 900s. The c-Si layer is finally etched by ICP using 50sccm for Cl 2 , radio frequency RF1 and RF2 with 500W and 100W for 45s though the SiO 2 mask to get vertical sidewalls, as shown on the SEM profile views, Fig.5 b) and d) . Then the resist and SiO 2 are removed at the end of etching process by RIE, which is shown in the front view Fig.5 a) and c) . The lines and holes with a reasonable regularity and roughness could be transferred. The achieved period of 1D and 2D stacks are in the targeted range 550 -650 nm; the ff is just in the range corresponding to the optimum configuration (40 %-65 %), and etching depth is in the 100 -140 nm range. The following steps are the deposition of the a-Si and ITO layers on the top of these patterned stacks. 
Conclusion and further work
Further work will consist in the measurement of the optical properties of these 1D and 2D completed structures. It is noticeable that similar PC structures have already experimentally exhibited an improved absorption in 1 µm thick c-Si layers. Finally, opto-electrical measurements are planned on complete PC structured solar cell samples, to determine their yield and to compare them to the one of non structured samples. Provided efficient electrical passivation, the yield improvement is expected to be close to the optical absorption improvement.
